To study the relationships between the refractive power of the crystalline lens, overall refractive error of the eye, and degree of nuclear cataract. METHODS. All phakic participants of the population-based Central India Eye and Medical Study with an age of 50ϩ years were included. Calculation of the refractive lens power was based on distance noncycloplegic refractive error, corneal refractive power, anterior chamber depth, lens thickness, and axial length according to Bennett's formula. RESULTS. The study included 1885 subjects. Mean refractive lens power was 25.5 Ϯ 3.0 D (range, 13.9 -36.6). After adjustment for age and sex, the standardized correlation coefficients (␤) of the association with the ocular refractive error were highest for crystalline lens power (␤ ϭ Ϫ0.41; P Ͻ 0.001) and nuclear lens opacity grade (␤ ϭ Ϫ0.42; P Ͻ 0.001), followed by axial length (␤ ϭ Ϫ0.35; P Ͻ 0.001). They were lowest for corneal refractive power (␤ ϭ Ϫ0.08; P ϭ 0.001) and anterior chamber depth (␤ ϭ Ϫ0.05; P ϭ 0.04). In multivariate analysis, refractive error was significantly (P Ͻ 0.001) associated with shorter axial length (␤ ϭ Ϫ1.26), lower refractive lens power (␤ ϭ Ϫ0.95), lower corneal refractive power (␤ ϭ Ϫ0.76), higher lens thickness (␤ ϭ 0.30), deeper anterior chamber (␤ ϭ 0.28), and less marked nuclear lens opacity (␤ ϭ Ϫ0.05). Lens thickness was significantly lower in eyes with greater nuclear opacity. CONCLUSIONS. Variations in refractive error in adults aged 50ϩ years were mostly influenced by variations in axial length and in crystalline lens refractive power, followed by variations in corneal refractive power, and, to a minor degree, by variations in lens thickness and anterior chamber depth. (Invest Ophthalmol Vis Sci. 2012;53:543-550) DOI:10.1167/iovs.11-8523 T he crystalline lens is a complex structure that grows throughout life.
T he crystalline lens is a complex structure that grows throughout life. 1, 2 In children, the refractive power of the lens decreases with age. [3] [4] [5] At the end of childhood, the crystalline lens refractive power is higher in hyperopic eyes than in myopic eyes, 3 so that it correlates positively with the ocular refractive error and negatively with axial length. In adulthood, a hyperopic shift in the ocular refractive error occurs, probably due to a reduction in crystalline lens refractive power. 6 Later in life, when cataract develops, a myopic shift in ocular refractive error is found, potentially due to an increase in the crystalline lens refractive power. Although these changes in crystalline lens power throughout life have an impact on the refractive status of the eye, they have not been thoroughly studied yet, because of the difficulty in measuring the crystalline lens refractive power. The other components of ocular refraction (corneal refractive power, anterior chamber depth and axial length) are fairly easy to measure clinically, and their contributions to the refraction of the eye have intensively been studied. [7] [8] [9] [10] The refractive power of the lens can be measured precisely only in vitro, 2 but for clinical research, it can be estimated in vivo using Bennett's formula, if the distance refractive error and other ocular biometric parameters are available. 11 Bennett's formula has the advantage that it was developed to assess the refractive power of the natural lens at its location in the eye, in contrast with other formulas that were derived to calculate the refractive power of thin ideal lenses, such as implantable intraocular lenses. The accuracy of Bennett's formula depends on the validity of measurements of the biometric parameters that are included in the formula.
The hyperopic shift in ocular refractive error occurring in adulthood while the lens is increasing in thickness and curvature is known as the lens paradox. 12, 13 A lens with a steeper curvature would have been assumed to have a higher refractive power, whereas the hyperopic shift in refractive error of the eye implies a reduction in refractive lens power. The Reykjavik Eye Study was the first population-based study to report a negative correlation between crystalline lens power and refractive error of the eye, in addition to a negative correlation between the crystalline lens power and axial length in older subjects. 10 The findings obtained for the older subjects differed from results in children. The finding of a negative correlation between crystalline lens refractive power on one side and ocular refractive error and axial length on the other side generated a paradox, if one took into account that ocular refractive error and axial length correlated negatively. That issue was recently examined in the Los Angeles Latino Eye Study (LALES) (Iribarren G, et al. IOVS 2010;51:ARVO E-Abstract 1717). A slight but statistically nonsignificant and negative correlation was found between the ocular refractive error and the crystalline lens refractive power, in addition to a negative correlation between crystalline lens refractive power and axial length. The LALES analysis in which subjects with cataract were excluded showed a hyperopic shift in the ocular refractive error with increasing age, parallel to a decrease in the crystalline lens refractive power in older hyperopic subjects. It was the opposite of what was described for children and young adults. In view of the incompleteness in the knowledge of the role of the refractive power of the crystalline lens, we performed the present analysis of data obtained in the Central India Eye and Medical Study with a relatively high prevalence of cataract to investigate the relationships between refractive power of the crystalline lens, overall refractive error of the eye, and degree of nuclear cataract.
METHODS
The Central India Eye and Medical Study is a population-based study performed in a rural region in Central India. 14, 15 It was performed in eight villages in the rural region of Central Maharashtra, approximately 40 km from Nagpur. The Medical Ethics Committee of the Medical Faculty Mannheim of the Ruprecht-Karls-University Heidelberg and the ethics committee of Suraj Eye Institute/Nagpur approved the study, and all participants gave informed consent, according to the Declaration of Helsinki. Inclusion criterion was an age of 30ϩ years. The villages were chosen for the study since they were located in a typically rural region of Central India at a relatively large distance to the next city (Nagpur). The Suraj Eye Institute was already known to the villagers, and the villagers had attended the institute for cataract surgery for the past 10 years. In a first step, social workers mapped the villages and went from house to house to list all inhabitants. They invited all villagers with an age of 30ϩ years to participate in the study including a bus ride to the hospital, a 1-day-long examination, meals, and a return bus ride to the village in the evening, all at no cost. Up to 20 subjects were examined per day. If cataract was diagnosed, cataract and intraocular lens implant surgery was offered free of charge to the patients. The recruitment of the study participants took place between 2006 and 2009.
Out of a total population of 13,606 villagers, 5885 subjects fulfilled the inclusion criterion of an age of 30ϩ years and were eligible for the study. Of these 5885 subjects, 4711 (2520 [53.5%] women) participated, resulting in a response rate of 80.1%. Among the 1174 nonparticipants were 489 (41.7%) women; the mean age was 48.6 Ϯ 14.1 years (median. 45; range, 30 -95) . The group of study participants and the group of nonparticipants did not differ significantly in age (P ϭ 0.06), whereas the proportion of men was significantly (P Ͻ 0.001) higher in the group of nonparticipants. In the study population, mean age was 49.5 Ϯ 13.4 years (median, 47; range, 30 -100). The mean reported monthly income was 1,584 Ϯ 1,233 Rupees (median, 1350; range, 200 -15,000; 1 US$ ϭ ϳ50 Rupees). Of the 4711 subjects, 1623 (34.5%) subjects reported being illiterate, 1310 (27.8%) had attended school up the 5th standard, 533 (11.3%) subjects attended the 6th to 8th standards, 1070 (22.7%) subjects attended the 9th to 12th standards, and 165 (3.5%) subjects received a higher level of education, such as graduate or higher. Ten (0.2%) subjects did not describe their level of education. Of the total 4711 subjects, 2206 (46.9%) indicated that they did not have a toilet facility, 62 (1.3%) used a public or shared a pit toilet, 557 (11.8%) used a public or shared a flush toilet or had their own pit toilet, and 1853 (39.3%) had their own flush toilet. Thirty-three subjects made no statements.
The participants underwent a detailed ophthalmic and medical examination, including standardized questions on socioeconomic background and lifestyle. Automated refractometry without cycloplegia and subjective refraction were performed for all subjects. Keratometry was performed with a nonautomatic keratometer (Appassawamy Associoation, Chennai, India). Sonographic ocular biometry was performed with an A-scan pachymeter (PacScan 300AP; Sonomed, Lake Success, NY). The pupil was dilated with tropicamide and phenylephrine 5% three times at 15-minute intervals, to attain the maximum pupillary dilatation. Digital photographs of the lens were taken and graded for nuclear sclerosis according to the Age-Related Eye Disease Study criteria (AREDS). 16 The present study was focused on calculation of the refractive power of the lens and the relationship between crystalline lens power and other components of the optical system of the eye. Inclusion criteria for our study were the availability of full data on refractive error, ocular biometry, and lens-grading measurements. The exclusion criterion was any surgery on the lens (i.e., pseudophakic or aphakic eyes) or retina and missing data of refraction or biometry, which made lens power calculation impossible. As the calculation of refractive lens power included noncycloplegic distance refractive error, and since accommodation influences refraction in younger adults, 17, 18 only subjects with an age of 50 or more years were included in the analysis. The rate of participation for the eligible population with an age of 50ϩ years (n ϭ 2745) was 2217 (80.8%) of 2745.
Statistical analysis was performed using a commercially available statistical software package (SPSS for Windows ver. 19.0; SPSS, Inc., Chicago, IL). The spherical equivalent was calculated as spherical value plus half the cylindrical value. Corneal power was calculated based on the radius of corneal curvature, assuming a refractive index of the cornea of 1.3315, as proposed by Olsen. 19 The calculation of the refractive power of the lens was based on distance noncycloplegic refractive error, corneal refractive power, anterior chamber depth, lens thickness, and axial length according to the formula proposed by * Mean Ϯ SE (95% CI).
Bennett. 7 The A and B constants in this formula were calculated using Gullstrand's reduced eye model. 11, 20 The study population was divided into eyes with grades 6 and 7 of the AREDS nuclear cataract assessment scheme, representing a considerable nuclear cataract, and into eyes with less marked nuclear cataract or no cataract at all (nuclear cataract grading Յ5). Myopia was defined as a refractive error (spherical equivalent) of less than Ϫ0.50 D, and hyperopia was defined as a refractive error (spherical equivalent) of more than ϩ1 D. The remaining eyes were considered to be emmetropic. In a first step of the statistical analysis, the mean (ϮSD) values of spherical equivalent and refractive lens power were calculated across refractive groups and nuclear opacity groups by one-way analysis of variance (ANOVA) with post hoc Scheffé tests. In a second step, the associations between lens refractive power, ocular refractive error, and amount of nuclear lens opacity on one side and ocular biometric parameters on the other side were examined before and after adjustment for age and sex. In a third step of the statistical analysis, multivariate analyses were performed, including those parameters as independent parameters which showed a P Ͻ 0.10 in the their univariate associations with the dependent parameter. Only right eyes were included in the analysis. Before, we had assessed that axial length, anterior chamber depth, lens thickness, and refractive error of the right eye were significantly associated with axial length (P Ͻ 0.001; correlation coefficient r ϭ 0.78), anterior chamber depth (P Ͻ 0.001; r ϭ 0.66), lens thickness (P Ͻ 0.001; r ϭ 0.48), and refractive error (P Ͻ 0.001; r ϭ 0.72), respectively, of the left eye. All P values were two-sided and were considered statistically significant when the values were Ͻ0.05.
RESULTS
The study included 1885 (914 [48.5%] male) subjects. The mean refractive power of the lens was 25.5 Ϯ 3.0 D (mean, 25.2; range, 13.9 -36.6) with a normal distribution (Fig. 1) . Among the study population, 641 (34.0%) subjects had a nuclear cataract of grade 6 or 7 ( Table 1 ). The prevalence of myopia and hyperopia changed significantly, depending on the lens opacity grading (Table 1) . Subjects with mild lens opacity had a greater prevalence of hyperopia, and subjects with a more marked lens opacity had a greater prevalence of myopia. The mean refractive error was more myopic for the highopacity groups (Fig. 2) .
In univariate analysis, crystalline lens power was significantly associated with higher age (P Ͻ 0.001), greater lens thickness (P Ͻ 0.001), shorter axial length (P Ͻ 0.001; Fig. 3) , lower (i.e., more myopic) refractive error (P Ͻ 0.001), and more marked nuclear lens opacity (P Ͻ 0.001; Table 2 ). It was not significantly associated with sex (P ϭ 0.60), corneal refractive power (P ϭ 0.76), and anterior chamber depth (P ϭ 0.31).
FIGURE 2.
The distribution of refractive error (spherical equivalent) in participants in the Central India Eye and Medical Study stratified by the amount of nuclear lens opacity. Similar results were obtained when the correlations were adjusted for age and sex (Table 2) .
Refractive error of the eye was significantly associated with lower age (P Ͻ 0.001), the female sex (P Ͻ 0.001), higher central corneal thickness (P Ͻ 0.001), lower anterior chamber depth (P ϭ 0.01), shorter axial length (P Ͻ 0.001), lower refractive lens power (P Ͻ 0.001), and more marked nuclear lens opacity (P Ͻ 0.001; Table 3 ). The standardized correlation coefficients were highest for refractive lens power and nuclear lens opacity grade, followed by axial length (Table 3) . They were lowest for corneal refractive power and anterior chamber depth. Refractive error was not significantly associated with corneal refractive power (P ϭ 0.07) and lens thickness (P ϭ 0.11). Similar results were obtained if the correlations were adjusted for age and sex (Table 3) .
Nuclear lens opacity grading was significantly associated with higher age (P Ͻ 0.001), lower (i.e., more myopic) refractive error (P Ͻ 0.001), lower central corneal thickness (P Ͻ 0.001), lower lens thickness (P ϭ 0.003), longer axial length (P Ͻ 0.001), and higher crystalline lens power (P Ͻ 0.001). It was not significantly associated with the sex of the subject (P ϭ 0.37), corneal refractive power (P ϭ 0.50) and anterior chamber depth (P ϭ 0.57; Table 4 ). Similar results were obtained if the correlations were adjusted for age and sex (Table 4) .
In multivariate analysis, with lens refractive power as the dependent variable and age and sex, lens thickness, axial length, refractive error, and nuclear lens opacity grade as independent variables, lens refractive power was significantly associated with higher lens thickness (P Ͻ 0.001), shorter axial length (P Ͻ 0.001), lower (i.e., more myopic), refractive error (P Ͻ 0.001), and higher nuclear lens opacity grade (P ϭ 0.007; Table 5 ).
In a similar multivariate analysis, with refractive error as the dependent variable and age, sex, central corneal thickness, corneal refractive power, anterior chamber depth, lens refractive power, lens thickness, nuclear lens opacity grade, and axial length as independent variables, refractive error was significantly associated with lower corneal refractive power (P Ͻ 0.001), deeper anterior chamber (P Ͻ 0.001), less marked nuclear lens opacity (P Ͻ 0.001), lower refractive lens power (P Ͻ 0.001), higher lens thickness (P Ͻ 0.001), and shorter axial length (P Ͻ 0.001; Table 6 ). The standardized correlation coefficients ␤ were highest for the associations with shorter axial length (␤ ϭ Ϫ1.26) and lower refractive lens power (␤ ϭ Ϫ0.95), followed by lower corneal refractive power (␤ ϭ Ϫ0.76), higher lens thickness (␤ ϭ 0.30), deeper anterior chamber (␤ ϭ 0.28), and less marked nuclear lens opacity (␤ ϭ Ϫ0.05). In a similar manner, Pearson's correlation coefficients were highest for lens grading (Pearson's correlation coefficient, r ϭ Ϫ0.44) and lens refractive power (r ϭ Ϫ0.43), followed by axial length (r ϭ Ϫ0.37), whereas central corneal thickness (r ϭ 0.09), anterior chamber depth (r ϭ Ϫ0.06) and corneal refractive power (r ϭ Ϫ0.05) showed the lowest Pearson's correlation coefficients. If anterior chamber depth due to its strong relationship with axial length was not included in the multivariate analysis, similar results were obtained, with the highest standardized correlation coefficient ␤ for axial length (B ϭ Ϫ1.09), followed by lens refractive power (B ϭ Ϫ0.84), corneal refractive power (B ϭ Ϫ0.66), lens thickness (␤ ϭ 0.25), and nuclear lens opacity (␤ ϭ Ϫ0.08).
A stepwise multiple regression analysis of ocular refractive error as the dependent variable showed that, after adjustment for age and sex, the correlation with the ocular biometric variables increased significantly (P Ͻ 0.001) in each step, adding crystalline lens power (r ϭ 0.51), followed by axial length (r ϭ 0.73), then corneal refractive power (r ϭ 0.89), and anterior chamber depth (r ϭ 0.92).
When the study population was divided into subjects with a high degree of nuclear lens opacity (grade 6 or 7) and the remaining subjects with a lower grade of nuclear lens opacity, the subjects with a more marked nuclear cataract were significantly (P Ͻ 0.001) more myopic, a thinner lens (P ϭ 0.001), and higher crystalline lens power (P Ͻ 0.001; Table 7 ). In the subgroup with a lower degree of nuclear lens opacity, the standardized correlation coefficients (␤) for the associations with ocular refractive error, after adjustment for age and sex, were the highest for axial length (␤ ϭ Ϫ0.35; P Ͻ 0.001), followed by lens refractive power (r ϭ Ϫ0.18; P Ͻ 0.001), corneal refractive power (r ϭ Ϫ0.12; P ϭ 0.01), and anterior chamber depth (r ϭ Ϫ0.07; P Ͻ 0.001). In the subgroup with a higher degree of nuclear lens opacity, the correlation coefficients for the associations with refractive error were the highest for lens refractive power (␤ ϭ Ϫ0.49; P Ͻ 0.001), followed by axial length (␤ ϭ Ϫ0.38; P Ͻ 0.001), whereas all other ocular biometric variables were not significantly associated with the refractive error of the eye (Fig. 4) . In the subgroup with less marked nuclear cataract, the refractive lens power was significantly (P Ͻ 0. 
DISCUSSION
In this analysis of adults with an age of 50ϩ years after adjustment or age and sex, refractive error was best correlated, as assessed in standardized correlation coefficients, with crystalline lens refractive power and nuclear lens opacity grade, followed by axial length, and finally by corneal refractive power and anterior chamber depth. In multivariate analysis, the most important determinants of ocular refractive error were shorter axial length (␤ ϭ Ϫ1.26), lower refractive lens power (␤ ϭ Ϫ0.95), and lower corneal refractive power (␤ ϭ Ϫ0.76) and, to a minor degree, higher lens thickness (␤ ϭ 0.30), deeper anterior chamber (␤ ϭ 0.28), and less marked nuclear lens opacity (␤ ϭ Ϫ0.05). If the study population was stratified by the amount of nuclear lens opacity, in the subgroup with a higher degree of nuclear lens opacity, the refractive error of the eye after adjustment for age and sex again correlated best with refractive lens power (␤ ϭ Ϫ0.49; P Ͻ 0.001) and axial length (␤ ϭ Ϫ0.38; P Ͻ 0.001). In the subgroup with a lower degree of nuclear lens opacity, the correlation coefficients for the associations with refractive error were the highest for axial length (␤ ϭ Ϫ0.35; P Ͻ 0.001),
followed by lens refractive power (␤ ϭ Ϫ0.18; P Ͻ 0.001).
Variations in refractive error in adults aged 50ϩ years were mostly influenced by variations in axial length and in crystalline lens refractive power, followed by variations in corneal refractive power, and, to minor degree, by variations in lens thickness and anterior chamber depth. The reasons may be potentially greater variations in crystalline lens refractive power and greater variations in axial length than variations in other ocular biometric components. These results agree with the findings of two previous population-based studies that reported crystalline lens power calculations for adults (Iribarren G, et al. IOVS 2010;51:ARVO E-Abstract 1717). 10 In both previous studies, negative correlations between the refractive lens power and the refractive error of the eye were found, with hyperopic eyes having lower refractive lens power than emmetropic or myopic eyes. The findings of all three studies on adults contrast with the results of studies on children whose hyperopic eyes have a higher crystalline lens power than emmetropic or myopic eyes. 3 Our study confirms a previous report of a significant negative correlation between refractive lens power and both axial length and refractive error. 10 It also confirms that, in eyes without significant nuclear lens opacity, hyperopic eyes have lower crystalline lens power. This apparent contradiction between the negative correlations of higher crystalline lens power with shorter axial length but with more myopic refractive error has been discussed. 10 Olsen proposed to consider the combination of each of the ocular components in any given eye to understand its optics, irrespective of these paradoxical correlations. 10 In fact, a negative correlation with higher lens power and shorter axial length, as shown in Figure 3 , was described early in the last century, showing that eyes with longer axial lengths had lower refractive surfaces, especially in the emmetropic range. [21] [22] [23] [24] The development of a negative correlation between lens power and refractive error with ageing may be explained by changes in the crystalline lens, if some emmetropes are slowly driven in the hyperopic direction by a loss of refractive lens power.
Previous studies have shown that the refractive error of children and young adults is primarily influenced by variations in axial length. 21, 25, 26 In contrast, in this study of adults aged 50ϩ years, the principal determinant of refractive error was the refractive lens power, followed by axial length. Since corneal power is largely stable after the first 2 years of life 4, 5 and as axial length is generally considered to be stable after an age of 20 to 30 years, 5 later changes in the relationship between ocular components of refraction may be predominantly due to changes in crystalline lens power. The hyperopic shifts found between ages 30 to 60 may be due to changes in the lens. 6 Later, as nuclear opacity develops, the crystalline lens in some older individuals apparently gains power, thus increasing the prevalence of myopia in cataract subjects.
The mechanisms, by which the lens can lose or gain power in different individuals, at different ages and stages of nuclear opacity, are possibly related to its internal structure. The crystalline lens grows throughout life, 1-2 adding new fibers under its epithelium, and as these fibers become older, they are compacted in the deeper layers of the lens. This apposition of new fibers and compaction of the older ones generates a progressive gradient of water content and of refractive index, such that the central part of the lens has less water and a greater refractive index. The power of the crystalline lens depends both on its superficial curvatures and on its internal structure, including the steepness of the gradient refractive index profile. As the lens changes its shape from adolescence to senescence, its front and back curvatures increase which would tend to result in a higher refractive power. 12, 13 Simultaneously, however, the profile of the refractive index becomes steeper with ageing as has been shown by magnetic resonance studies, 22 and thus, losing the gradient, the lens loses power. 23 These two contradictory changes must balance out to produce age-related changes in lens power. The hyperopic shift in refraction seen with ageing may depend on a mismatch of these changes. 6 The decrease in internal power caused by changes in the gradient index by compaction of the cortex was described as early as 1864 by Donders 24 and has even recently been postulated as a cause of presbyopia. 23 As the cataract develops, it is generally believed that the increase in the refractive index of the nucleus of the lens that is accompanied by cataract formation can lead to an increase in the internal refractive power of the lens, explaining the myopic shift seen with greater nuclear opacity. The finding in our study of a lower lens thickness in eyes with greater nuclear opacity is consistent with a greater rate of compaction and loss of water in the nucleus of cataractous lenses. 27 ,28 This appears to be true even though the subjects with marked nuclear cataract were 9 years older than the subjects with a lower nuclear opacity ( Table 2 ). The difference in age should have made their lenses thicker (and not thinner) because of the continuous formation of lens fibers, but we found the lens was 0.09 mm significantly thinner in the eyes with marked nuclear cataract. The biochemical changes leading first to presbyopia and then to cataract formation have been recently reviewed. 29 It is possible that these changes in cataract eyes lead to lens hardening and thinning, with loss of bound water 30 and an increase in refractive index that over time leads to the myopic shift observed to take place with nuclear cataract.
Potential limitations of our study should be mentioned. First, as for any population-based study, nonparticipation may be a major concern. The Central India Eye and Medical Study, however, had a reasonable response rate of 80.1%. Second, in view of the geographic and cultural diversity of India, the study population will not be representative of rural Indian populations or Indian populations in general. Since the study was focused on the associations between refractive lens power and other ocular biometric parameters and not on the prevalence of diseases, this is not a major issue. Third, the harder lenses with nuclear cataract could have had falsely low lens thickness measurements due to a potentially increased sound velocity in a harder lens. Although this possibility cannot be ruled out, a recent study had not shown an age dependency in the sound velocity in the lens. 31 In conclusion, variations in refractive error in adults aged 50ϩ years were mostly influenced by variations in crystalline lens refractive power and axial length, followed by variations in corneal refractive power, and, to a minor degree, by variations in lens thickness and anterior chamber depth. Myopic subjects, in particular subjects with cataract, had a higher crystalline lens power and hyperopic subjects had a lower refractive lens power than emmetropic subjects. This finding contrasted to findings in children, who show a positive correlation between crystalline lens power and refractive error. Overall, these results suggest that changes in the crystalline lens play a major role in determining refractive error in older adults and are responsible both for hyperopic shifts during adult life and myopic shifts during the development of cataract. The data are the mean Ϯ SD and are stratified by the amount of nuclear lens opacity. 
